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We experimentally demonstrate phase sensitive amplification (PSA) in a silicon photonic crystal waveguide
based on pump-degenerate four-wave mixing. An 11 dB phase extinction ratio is obtained in a record compact
196 µm nanophotonic device due to broadband slow-light, in spite of the presence of two-photon absorption
and free-carriers. Numerical calculations show good agreement with the experimental results. c© 2013 Optical
Society of America
OCIS codes: 190.4410, 190.4380, 130.5296
Phase sensitive amplification (PSA) is an extremely at-
tractive function for integrated all-optical classical and
quantum signal processing due to a wide range of po-
tential applications. In classical communications, PSA is
a core technology for noiseless amplification and optical
phase regeneration [1–4], while in quantum processing
it is useful for generating squeezed states of light [5, 6]
or quantum state translation via Bragg scattering [7, 8].
Despite this progress, the majority of experiments have
been in fiber [2, 4] with only a handful of investiga-
tions of PSA in centimetre long χ(2) [3, 9, 10] or χ(3)
devices [11, 12].
Simultaneous to the these developments in large-scale
all-optical signal processing, the miniaturization and in-
tegration of optical devices onto monolithic photonic
chips is rapidly progressing [13, 14]. In order to meet
these demanding requirements, the nonlinear elements in
current bulk systems must be significantly scaled down
in size. To this end, the strong nonlinear response of
materials with high refractive index such as semicon-
ductors [13] and chalcogenide glasses [15] enable tight
confinement with waveguides centimetres, or even mil-
limetre, scales in lieu of meters of fiber. Silicon is an
especially compelling material due to compatibility with
CMOS electronics and consequent scope for hybrid opto-
electronic chips with unprecedented information process-
ing capabilities [13]. A drawback of the silicon platform
in the near-infrared 1.55 µm band is the presence of
two-photon absorption (TPA) and accompanying free-
carriers [16,17], which limit the desirable χ(3) Kerr non-
linearity underlying many applications in ultrafast all-
optical signal processing.
In this Letter, we demonstrate PSA in a record short
196 µm silicon device. By taking advantage of the slow-
light enhanced nonlinearity and dispersion engineering
capabilities of photonic crystal waveguides (PhCWG)
[18, 19], we achieve a phase extinction ratio (PER) of
11 dB in a pump-degenerate four-wave mixing (FWM)
scheme. While TPA and free-carrier effects in the sili-
con material restrict the maximum phase sensitive gain
(PSG) [17], we demonstrate that the phase extinction
ratio [2], the crucial parameter for phase regeneration,
remains essentially unaffected.
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Fig. 1. (a) Schematic of the pump-degenerate PSA based
on FWM. (b) Output intensity of the signal vs input
phase detuning. (c) PSA experimental setup. Symbols
are defined in the text.
Two common architectures for phase-sensitive amplifi-
cation using χ(3) materials are signal-degenerate [2] and
pump-degenerate [4] FWM. Fig. 1(a) depicts the princi-
ple of phase-sensitive pump-degenerate FWM we employ
in our experiments. In this configuration a pump (green)
at frequency ωp is converted to an idler ωi (red) and a
signal ωs (blue) given by the energy conservation rela-
tion ωs + ωi = 2ωp. When the pump, signal and idler
waves are seeded simultaneously at the input port, the
FWM process is phase sensitive with the energy transfer
between three waves depending on their relative phase.
Therefore, we can control the signal amplification by de-
1
tuning the phases of the waves, e.g. the pump phase ∆φ
in Fig. 1(b).
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Fig. 2. (a) Measured linear transmission spectrum (fiber
to fiber) and group index of the PhC waveguide, where
arrows indicate the position of the idler, signal and
pump. (b) Measured Pin vs. Pout of the pump showing
saturation due to TPA and FCA. Inset: normalized out-
put spectra of the pump only as a function of the input
peak power.
Fig. 1(c) shows the PSA experimental setup. Since the
three waves need to be synchronized and phase locked,
we generate the signal/pump/idler waves by spectrally
slicing the broadband (30 nm) output of a mode-locked
Erbium-doped fiber laser (38.6 MHz) using a spectral
pulse shaper (SPS1 - Finisar Waveshaper). The result-
ing idler/pump/signal waves are Gaussian shaped with
centre wavelengths at 1554/1557/1560 nm and time du-
rations 8/15.2/8 ps. To avoid FWM inside the EDFA, the
signal and idler were delayed by 15/-15 ps with respect
to the pump pulse. A second spectral processor (SPS2) is
then used to bring the pulses back together and to adjust
the peak power and phase of the three waves. The polar-
ization of the light is aligned to the TE slow-light mode
of the waveguide by a polarization controller (PC). The
input and output powers to the chip were monitored by a
power meter (PM) and the output spectra were recorded
using an optical spectrum analyzer (OSA).
Figure 2(a) shows the linear transmission (including
coupling losses) and group index of the TE mode of the
silicon PhCWG. The geometric design of the PhCWG
is given in Ref. [20]. The dispersion engineered silicon
PhC waveguide has a group index of ng ≈ 32 over a 10
nm bandwidth with negligible dispersion for the pulses
considered here (dispersion length Lβ ∼ 14 cm). As-
suming the coupling loss is 9/10dB at the input/output
port, the linear propagation loss and the effective non-
linear coefficient were inferred to be around 150 dB/cm
at 1557 nm and γeff = γPhCS
2=4300(W-m)−1 with
the slow-down factor S = ng/nsi = 32/3.45 [20]. Fig-
ure 2(a) also indicates the position of the three waves
with pump at 1557 nm exhibiting anomalous dispersion
β2 = −1.7 ps
2/mm. Note the signal (1560 nm) has a
slightly larger propagation loss.
Before the PSA experiments, we first investigated the
role of TPA/FCA on the pump propagation. Figure 2(b)
shows the measured on-chip output peak power versus
coupled input peak power. At large input power, the out-
put power saturates due to strong TPA with the opti-
cally generated free-carriers inducing absorption (FCA)
further limiting the peak power. The inset shows the
corresponding normalized output spectra of the pump
as a function of the input peak power. While the TPA
attenuates the pulses symmetrically, the time delayed
free-carriers affect the trailing edge of the pulse, lead-
ing to the asymmetric blue-shift in the pump spectra
due to free-carrier dispersion (FCD) [21, 22]. With this
knowledge we set the on-chip pump peak power in our
first experiment to Pp = 1.5 W to avoid large losses to
TPA and FCA. We inject the signal and idler waves with
much smaller peak power levels of 40 mW and 10 mW,
respectively, well below the nonlinear threshold.
In order to characterize the PSA, we measured the on-
chip signal/idler gain by varying the pump phase (∆φ)
while keeping the phases of the signal/idler waves con-
stant at SPS2. Figure 3(a) shows an overlay of output
spectra measured at different pump phase shifts of 0.2pi,
0.5pi, and 0.7pi, as well as the unamplified signal/idler
waves with no pump. We observe a clear variation in
the signal and idler intensities for different values of the
pump phase indicating the PSA process is performing
as expected. We note the signal intensity is lower than
the idler due to the higher propagation loss at the sig-
nal wavelength (see Fig. 2(a)) even though we inject a
higher power.
The spectra of Fig. 3(a) also highlight several features
of PSA in silicon. In contrast to earlier work in glass
materials [1, 12], our demonstration in the semiconduc-
tor silicon material includes TPA and free-carriers mod-
ulating the PSA process. In particular, free carriers gen-
erated by the strong pump, blue-shift the spectra of all
three waves (dotted lines), readily seen when comparing
the output to the input spectra. While the blue-shift in
semiconductors is known from other nonlinear semicon-
ductor experiments [20–22], this is the first investigation
into the role of TPA and free-carriers on the PSA pro-
cess.
Fig. 3(b) summarizes the experimental signal and idler
gain as a function of relative phase detuning ∆φ over one
period. Note that the period of the PSA curve is pi, due
to the factor of two in the FWM phase matching rela-
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Fig. 3. (a) Input spectrum (solid line), output spectra
with relative phases (dashed lines), signal only (light col-
ored) and the simulated output spectrum of the PSA
process (bold dash line). (b) Experimentally observed
signal (triangle) and idler gain (dot), and numerically
(solid) versus phase detuning (∆φ) at peak power of 1.5
W.
tion for the phase of the pump. We define the on-chip
gain as: G =
∫
Ps(out)(λ)∫
Ps(out−nopump)(λ)
, the ratio of the am-
plified signal power with the pump wave switched on
over the unamplified signal power without the pump at
the output of the waveguide. We employ this definition
for simple comparison at the output OSA. We integrate
over the signal and idler spectral width to account for
self and cross-phase modulation broadening shown in
Fig. 3(a). Experimentally, a maximum signal (idler) gain
of 0 (2.7) dB is obtained at 0.68 (0.75)pi and a minimum
gain of -10 (-6.8) dB occurs at 0.18 (0.25)pi, yielding an
extinction ratio of 10 dB (9.5 dB) for the signal/idler at
this power level. We believe the maximum and minimum
gain curves are asymmetric due to TPA/FCA limiting
the maximum gain, and attribute the difference in gain
to the different transmission properties at these wave-
lengths. Similarly the small phase offset between the sig-
nal and idler gain can be explained by free-carriers in-
ducing slightly different FCD (blue shift).
In Fig. 3, we confirm these measurements by numerical
solution of the nonlinear Schro¨dinger equation (NLSE)
with split-step Fourier method (SSFM) including up to
the 4th order dispersion, TPA and free carriers [16]. The
parameters used in the simulation of the PSA experiment
are given in Table . Note that our model uses slightly
different values for the TPA coefficient (1.2 × αTPA)
and free carrier dispersion (2.5 × kc) compared to ref-
erences to most accurately model our experimental re-
sults. Here, the linear propagation loss is derived directly
from the measured transmission spectrum in Fig. 2(a).
The used pump pulse is measured from frequency re-
solved optical gating (FROG) and the signal/idler are
assumed as Gaussian pulses. A free carrier lifetime (τc)
is set as 300 ps [21]. The estimated nonlinear effect in
the 60 µm-length input and output nanowire is also neg-
ligible compared to the PhC waveguide. The simulation
results show good agreement with the experimental ob-
servation. Note that the absolute phase in experiment
and simulation is ambiguous. Therefore the phase origin
of the simulated gain curves were shifted to match the
experiments.
Table 1. Simulation parameters used in Fig. 3
[16, 21]
Pp 1.5 W Ps/Pi 42/10.4 mW
tp FWHM=15.2 ps ts/ti FWHM=5/6 ps
β2 −1.7× 10
−21s2/m β3 −3× 10
−33s3/m
β4 3× 10
−46 s4/m LPhC 196 µm
n2 6× 10
−18m2/W αTPA 1.2× 10
−11m/Wµm
σFC 1.45× 10
−21m2 kc 3.4× 10
−27m3
Aeff 0.5µm
2 τc 300 ps
To further explore the dynamics of the PSA process
in the presence of TPA and free carriers, we repeated
the experiment in Fig. 3 for various input pump pow-
ers. Figure 4(a) presents the results of these measure-
ments and unveils additional aspects unique to PSA in
silicon in addition to the aforementioned blue-shifted
spectra. First, we achieved a maximum extinction ra-
tio of 11 dB (11.5 dB) for the signal (idler) at a pump
power of 2.3 W. Importantly the extinction ratios of both
the signal and idler are consistent throughout the entire
range of power detuning as shown in Fig. 4(a). Based on
previous demonstration, this PER is sufficient for phase
regeneration [2]. Second, the increase of the extinction
ratio slows down at 1.0 W due to the saturating nature
of the nonlinearity as indicated earlier in the Pin − Pout
curve of Fig. 2(b).
Figure 4(b) shows the phase sensitive gain of the sig-
nal wave at four different pump powers from Fig. 4(a).
One observes a clear shift of the phase position of the
maxima/minima as a function of input power. The un-
derlying physical reasoning is a larger pump power caus-
ing a larger nonlinear phase shift (φNL) adjusting the
phase matching condition. The maximum gain occurs at
pi/2 − φr , where φr = (φNL − φβ) + ∆φ is the relative
phase among the three waves with the linear phase from
3
dispersion φβ . Again, the numerical calculation show
good agreement with the experimental data.
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Fig. 4. (a) The phase extinction ratios (PER) of the sig-
nal (triangle) and idler (dot), and simulated (solid line)
gain as a function of the pump peak power. (b) PSA
phase dependent gain curves at varying pump powers.
In summary, we experimentally demonstrated PSA
based on pump-degenerate FWM in a record short
196 µm photonic chip, in spite the restriction of the
maximum gain by TPA. We emphasize these are only
first results and several aspects can be further optimised
including: shorter pulse duration to reduce free carriers
and improve the NL phase shift, improving the linear
transmission, and operation closer to the zero dispersion
point. We achieved an extinction ratio of 11.5 dB for
both the signal and idler beams despite TPA and as-
sociated free-carriers without having to resort to P-I-N
junctions, demonstrating useful levels of on-chip PSA for
all-optical classic and quantum processing.
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